Members of the genus Vesiculovirus, which belongs to the family Rhabdoviridae, can cause great economic loss in fish culture. In the present report, a vesiculovirus [named snakehead fish vesiculovirus (SHVV)] was isolated from diseased hybrid snakehead fish. SHVV shared 94 % nucleotide sequence identity at the genomic level with Siniperca chuatsi rhabdovirus (SCRV), which infects mandarin fish (S. chuatsi). We showed that SHVV was able to replicate and proliferate well in SSN-1 cells, which originate from striped snakehead fish (Channa striatus). Furthermore, mandarin fish was susceptible to SHVV by bath exposure, as well as by intraperitoneal injection. The infected fish showed typical clinical signs of rhabdovirus infection, including haemorrhage and oedema. Histopathological analysis revealed that extensive inflammation and necrosis were observed in the spleen, kidney, liver, heart and brain of the moribund mandarin fish. These results will shed new light on the epidemic of vesiculovirus infections among fish.
INTRODUCTION
Members of the family Rhabdoviridae can infect various hosts, including plants, insects, fish and mammals, and cause serious diseases of the infected hosts (Lyles & Rupprecht, 2006; Kuzmin et al., 2009) . To date, the family Rhabdoviridae consists of nine genera, including Novirhabdovirus, Perhabdovirus and Vesiculovirus, that can infect fish (King et al., 2012) . The genome of vesiculoviruses consists of a negative-sense ssRNA encoding five viral structural proteins: the nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and large protein (L) or polymerase (Lyles & Rupprecht, 2006) . In 2014, a devastating disease outbreak occurred in hybrid snakehead fish cultured in a farm located in Guangdong Province, China. We isolated a vesiculovirus from the diseased snakehead fish, designated snakehead fish vesiculovirus (SHVV). It was reported that infection by Siniperca chuatsi rhabdovirus (SCRV) could cause great economic loss in mandarin fish (S. chuatsi) culture. Interestingly, SHVV shares 94 % nucleotide sequence identity with SCRV at the genomic level (Zeng et al., 2014) . Mandarin fish and snakehead fish are two important commercial fish cultured in East Asian countries, and sometimes they are cultured in the same area. Understanding the transmission of viral diseases between these two fish is therefore important for developing strategies to prevent the spread of such diseases in the aquaculture industry. Thus, the susceptibility of mandarin fish to SHVV was studied in the present report. We showed that mandarin fish are susceptible to SHVV by bath exposure and intraperitoneal (i.p.) injection. SHVV was able to replicate and proliferate well in an SSN-1 cell line, which is derived from striped snakehead fish (Channa striatus). Our results will provide valuable information about the epidemic of vesiculovirus infections among fish.
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RESULTS

SHVV epidemic in hybrid snakehead fish
During June and July 2014, a devastating disease outbreak occurred in hybrid snakehead fish (Channa maculate R¾Channa argus =) cultured in a farm located in Shunde City, Guangdong Province, China. The fish were dark and lethargic, accumulated in places of low current, and swam feebly but occasionally showed hyperactivity. The gills were pale, and there was visceral pallor. There was no food in the gastrointestinal tract, which was distended with translucent fluid (Fig. 1a) . Total RNAs extracted from the livers of fish with or without clinical signs were subjected to a reverse transcription (RT)-PCR assay using primers specific for fish vesiculovirus. A specific DNA fragment was amplified in the sample from diseased fish but not from the fish without clinical signs (Fig. 1c) . To identify the virus species, the obtained RT-PCR product was sequenced, and the sequence was compared with other known rhabdoviral sequences. The results showed that our virus isolate was grouped in the genus Vesiculovirus together with SCRV, Monopterus albus rhabdovirus (MARV) and hybrid snakehead fish rhabdovirus (HSHRV) (Fig. 1d) . It was therefore designated snakehead fish vesiculovirus (SHVV). The amino acid sequences of the G protein from SHVV and SCRV were aligned and showed 93 % amino acid identity (Fig. 1e) .
Growth of SHVV in cell culture
As SHVV was isolated from snakehead fish, we wondered whether SHVV was able to infect SSN-1 cells, which are derived from whole fry tissue of striped snakehead fish (Frerichs et al., 1996) . When SSN-1 cells were inoculated with SHVV at an m.o.i. of 0.1, an apparent cytopathic effect (CPE) was observed at 12 h post-infection (p.i.). The TCID 50 was found to be 1610 6.8 p.f.u. ml 21 when the SSN-1 cells had been infected with SHVV for 3 days, indicating that SHVV was able to proliferate well in SSN-1 cells (Fig. 2) . To monitor the multiplication of SHVV in SSN-1 cells, quantitative real-time (qRT)-PCR was performed to detect the amounts of SHVV mRNAs in SSN-1 cells. The results showed that the amounts of mRNAs of the five SHVV genes were enhanced during the progression of infection. However, only expression of the L gene continued to increase up to 36 h p.i., and the peak of expression of the other four genes was at 24 h p.i. (Fig. 3) . In addition, epithelioma papulosum cyprini (EPC), fathead minnow (FHM) and embryonic zebrafish (ZF4) cells were also included to test their susceptibilities to SHVV. No CPE was observed at 2 days after inoculation with SHVV (m.o.i. 0.1) in these cells. Apparent CPE was observed only after the inoculated EPC and FHM cells had been blindly passaged for at least two generations. The SHVV titres in EPC and FHM cells were about 100 times less than that in SSN-1 cells. However, no apparent CPE was observed in ZF4 cells, even after several blind passages (data not shown).
Mandarin fish are susceptible to SHVV
Our pilot results showed that mandarin fish were susceptible to the filtrate of the liver of snakehead fish infected with SHVV by both bath exposure and i.p. injection (data not shown). We also infected the mandarin fish with SHVV generated from SSN-1 cells. Mortality occurred at 5 days after bath exposure, whilst mortality could be observed as early as 24 h after i.p. injection. The survival rate showed a negative correlation with virus concentration (Fig. 4a) . As the disease progressed, fish were all set as 1 and were used to calculate the fold changes in the mRNAs of the five genes at 6, 12, 24 and 36 h p.i. **P,0.01.
became dark and sluggish; they often swam on their side and rested in abnormal positions. Haemorrhages were observed in the swim bladder, intestine, peritoneum and muscle. The overall symptoms in mandarin fish were identical to those found in snakehead fish (Fig. 1a, b) . To investigate the tissue tropism of SHVV in the mandarin fish, the inner organs of the infected mandarin fish were subjected to an RT-PCR assay. The results indicated that SHVV was detected in the liver, spleen, kidney, heart, brain and swim bladder of mandarin fish (Fig. 4b) .
Histopathology of mandarin fish infected with SHVV
Mandarin fish from both infected and non-infected groups were sampled for histological examination. As shown in Fig. 5 , PBS-injected fish did not show apparent signs of infection and inflammation; however, major changes were observed in the kidney, spleen, liver, brain and heart of the infected fish. The renal glomeruli were swollen, and inflammation was observed in the renal glomeruli and tubules (Fig. 5a, b) . The splenic haematopoietic tissues were affected, with severe inflammation (Fig. 5c, d ). Necrosis was common in the tissues of kidney, spleen, liver, brain and heart (Fig. 5) .
DISCUSSION
With the rapid expansion of fish culture, new vesiculoviruses have emerged, including Myxocyprinus asiaticus rhabdovirus (Zhang et al., 2000) , Scophthalmus maximus rhabdovirus (Zhang et al., 2007) , SCRV (Tao et al., 2008) and MARV (Ou et al., 2013) . In 1988, there was a report of snakehead fish rhabdovirus (SHRV), which belongs to the genus Novirhabdovirus (Ahne et al., 1988) . In the present study, we report a vesiculovirus isolated from snakehead fish. The nucleotide sequence identity of the two snakehead fish viruses was only 45 % at the genomic level (Zeng et al., 2014) . Therefore, we named our virus isolate SHVV so that it can be clearly separated from SHRV. In this report, we showed that SHVV was able to infect mandarin fish experimentally, suggesting that there might be a potential risk for cultured mandarin fish to be infected by SHVV. This needs to be investigated in the future.
The clinical signs were closely related to the histopathological changes in mandarin fish infected with SHVV. For example, SHVV infection caused swelling and inflammation of the renal glomeruli and tubules. The kidney is one of the major organs responsible for fish osmoregulation. Therefore, SHVV infection impaired the osmoregulation of the mandarin fish, resulting in oedema of the fish. In addition, severe damage to the haematopoietic tissue of the spleen may correlate with the haemorrhage of the infected fish. In both SHVV-infected snakehead fish and mandarin fish, haemorrhage and oedema were typical clinical signs, whilst inflammation and necrosis were the most common histopathological features in the inner organs. The molecular mechanisms underlying the pathogenesis of SHVV infection remain to be addressed.
It is generally believed that the G protein plays critical roles in the early events of rhabdovirus infections, including receptor recognition and binding. It has been shown that the surface of the G protein from infectious hematopoietic necrosis virus plays a critical role in virus infection (LaPatra et al., 2008) . Furthermore, the surface of the G protein of viral haemorrhagic septicaemia virus contains a specific T-cell epitope, which triggers T-cell responses during virus infection (Boudinot et al., 2004) . Based on these findings, we compared the G proteins of SHVV and SCRV; the results showed that the identity was 93 % at the amino acid level (Fig. 1e) . It is likely that the high homology of the G protein between SHVV and SCRV might determine the outcome of SHVV infection in mandarin fish, but this remains to be elucidated.
The viral mRNAs are transcribed sequentially in the order that they appear in the genome of rhabdovirus (N-P-M-G-L). The tissue distribution of SHVV in the infected mandarin fish. Lanes: 1, size marker; 2, liver; 3, spleen; 4, kidney; 5, heart; 6, brain; 7, swim bladder; 8, negative control (the liver of a mandarin fish without clinical signs); 9, positive control (the liver of a snakehead fish infected with SHVV). Approximately 20-30 % attenuation of expression of the downstream genes occurs at each gene junction (Villarreal et al., 1976; Iverson & Rose, 1981; Wertz et al., 1998) . This transcription attenuation results in a gradient of mRNA and protein expression (i.e. N.P.M .G.L). By comparison with the amount of mRNA at 3 h p.i., we showed that the mRNAs of the N, P, M and G genes reached their peak at 24 h p.i.; by contrast, the mRNA of the L gene increased continually up to 36 h p.i. The reasons for this difference are unknown; one possibility is that the expression levels of the N, P, M and G proteins at 24 h p.i. were enough for viral particle assembly, but more polymerase (L protein) was still required during the progress of the infection. Because the amplification efficiencies of the qRT-PCR might be different, it was difficult for us to compare the absolute amounts of mRNAs of the five viral genes expressed in SSN-1 cells. The temporal expression of the viral genes remains to be investigated.
Six cell lines derived from cyprinid fish, EPC, FHM, Koi proboscis cells, grass carp swim bladder (GSB) cells, Ctenopharyngodon idella kidney (CIK) cells and Ctenopharyngodon idella brain (CIB) cells, have been tested for their susceptibility to SHVV (Zeng et al., 2013) . The results showed that Koi proboscis cells were not susceptible to the virus. CPE was observed only in the SHVV-inoculated EPC, FHM, GSB, CIK and CIB cells, which had been blindly passaged for at least two generations. These results are identical to our current report. There were several disadvantages when these cell lines were used for the studies of SHVV. First, blind passage was required for the efficient multiplication of SHVV in these cells. Secondly, the appearance of CPE in these cells was at 2 days p.i., which was much slower than that in SSN-1 cells (12 h p.i.). Thirdly, the yields of SHVV in these cells were much lower (around 100 times) than that in SSN-1 cells. The reasons behind these differences are not known. However, these cell lines were all derived from cyprinid fish, which are evolutionally far away from the species of snakehead fish, which belongs to the Perciformes. Obviously, SSN-1 will be valuable for the studies of SHVV-host interactions in the future.
METHODS
Cell and virus. SSN-1 cells were kindly provided by Dr Hong Liu, Shenzhen Animal & Plant Inspection and Quarantine Technology Center. EPC, FHM and ZF4 cells were stored in our laboratory. SHVV was isolated from diseased hybrid snakehead fish by members of our laboratory.
SSN-1 cell infection. SSN-1 cells were grown in minimal essential medium supplemented with 10 % FBS (Gibco). Propagation of SHVV was achieved by infecting 75-80 % confluent cells at an m.o.i. of 0.1. At 3 days p.i., the supernatant and SSN-1 cells were harvested and centrifuged at 2000 g for 10 min at 4 uC, and the supernatants were stored at 280 uC until use. Virus titre was measured by an end-point dilution assay in SSN-1 cells at least in triplicate. TCID 50 was calculated by the method of Reed & Muench (1938) .
Mandarin fish maintenance and infection. Mandarin fish (mean body weight 12.91 g) were purchased from a farm located in Wuhan city, Hubei Province, China. Fish were maintained at 25-26 uC in a recirculating freshwater system and were fed with forage fish for at least 2 weeks so that they acclimated to the laboratory conditions before experiments. Forage fish were fingerlings of silver carp (Hypophthalmichthys molitrix), which were free of SHVV, as tested by RT-PCR. Mandarin fish were anaesthetized by tricaine methanesulfonate (Syndel, MS-222) according to the standard protocol recommended by the manufacturer before challenge. Experiments were approved by the guidelines of Institutional Animal and Care and Use Committees (IACUC) of Huazhong Agricultural University. The mandarin fish were divided randomly into different groups, each group containing 25 fish. For the i.p. experiments, the virus titre in the stock solution was 1.0610 6.8 c.f.u. ml
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, and it was diluted in PBS at dilutions of 1 : 1, 1 : 10, 1 : 100, 1 : 1000, 1 : 10 000, 1 : 100 000. The mandarin fish 
